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The large functional spectrum of the heparin-binding cytokines
MK and HB-GAM in continuously growing organs: the rodent
incisor as a model
Abstract
The heparin binding molecules MK and HB-GAM are involved in the regulation of growth and
differentiation of many tissues and organs. Here we analyzed the expression of MK and HB-GAM in the
developing mouse incisors, which are continuously growing organs with a stem cell compartment.
Overlapping but distinct expression patterns for MK and HB-GAM were observed during all stages of
incisor development (initiation, morphogenesis, cytodifferentiation). Both proteins were detected in the
enamel knot, a transient epithelial signaling structure that is important for tooth morphogenesis, and the
cervical loop where the stem cell niche is located. The functions of MK and HB-GAM were studied in
dental explants and organotypic cultures in vitro. In mesenchymal explants, MK stimulated HB-GAM
expression and, vice-versa, HB-GAM upregulated MK expression, thus indicating a regulatory loop
between these proteins. BMP and FGF molecules also activated expression of both cytokines in
mesenchyme. The proliferative effects of MK and HB-GAM varied according to the mesenchymal or
epithelial origin of the tissue. Growth, cytodifferentiation and mineralization were inhibited in incisor
germs cultured in the presence of MK neutralizing antibodies. These results demonstrate that MK and
HB-GAM are involved in stem cells maintenance, cytodifferentiation and mineralization processes
during mouse incisor development.
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ABSTRACT 
 
The heparin binding molecules MK and HB-GAM are involved in the regulation of growth 
and differentiation of many tissues and organs. Here we analyzed the expression of MK and 
HB-GAM in the developing mouse incisors, which are continuously growing organs with a 
stem cell compartment. Overlapping but distinct expression patterns for MK and HB-GAM 
were observed during all stages of incisor development (initiation, morphogenesis, 
cytodifferentiation). Both proteins were detected in the enamel knot, a transient epithelial 
signaling structure that is important for tooth morphogenesis, and the cervical loop where the 
stem cell niche is located. The functions of MK and HB-GAM were studied in dental explants 
and organotypic cultures in vitro. In mesenchymal explants, MK stimulated HB-GAM 
expression and, vice-versa, HB-GAM upregulated MK expression, thus indicating a 
regulatory loop between these proteins. BMP and FGF molecules also activated expression of 
both cytokines in mesenchyme. The proliferative effects of MK and HB-GAM varied 
according to the mesenchymal or epithelial origin of the tissue. Growth, cytodifferentiation 
and mineralization were inhibited in incisor germs cultured in the presence of MK 
neutralizing antibodies. These results demonstrate that MK and HB-GAM are involved in 
stem cells maintenance, cytodifferentiation and mineralization processes during mouse incisor 
development. 
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INTRODUCTION 
 
MK (midkine) and HB-GAM (heparin-binding growth associated molecule) constitute a 
distinct family of heparin-binding growth/differentiation factors (Maruta et al., 1993; Obama 
et al., 1994). MK is encoded by a retinoic acid (RA) responsive gene (Kadomatsu et al., 1988; 
Tomomura et al., 1990) and shares approximately 50% sequence homology with HB-GAM 
(Merenmies and Rauvala, 1990; Rauvala, 1989), which is also called pleiotrophin (PTN) (Li 
et al., 1990) or heparin-binding neurotrophic factor (HBNF) (Bohlen et al., 1991). Both 
molecules are produced as precursors, and the mature proteins are formed by cleaving-off 
residue signal peptides of about 3 kDa. The secreted forms of MK (13 kDa) and HB-GAM 
(15 kDa) are highly conserved among species (Kurtz et al., 1995; Obama et al., 1994; Tsutsui 
et al., 1991). MK shows 87% identity between the human and the murine proteins (Tsutsui et 
al., 1991), while sequence homology among human and murine HB-GAM exceeds 99% (Li et 
al., 1990). MK and HB-GAM are structurally unrelated to other heparin-binding factors, such 
as fibroblast growth factors (FGFs), hepatocyte growth factor (HGF) and plateled-derived 
growth factor (PDGF) (Maruta et al., 1993; Obama et al., 1994). The receptors for MK and 
HB-GAM have not yet been well characterized. Cross-linking studies have shown that MK 
and HB-GAM bind to syndecan-1 and -3 respectively (Mitsiadis et al., 1995b; Raulo et al., 
1994). Interestingly, MK and HB-GAM bind to nucleolin (Take et al., 1994), a protein located 
on the cell surface that acts as a shuttle between the cytoplasm and the nucleus, suggesting 
that another signal transduction mechanism may exist for MK and HB-GAM. 
 
Both proteins stimulate neurite outgrowth (Muramatsu and Muramatsu, 1991; Muramatsu et 
al., 1993; Rauvala, 1989), angiogenesis (Mashour et al., 2001), enhance bone formation and 
cartilage differentiation (Dreyfus et al., 1998; Imai et al., 1998; Ohta et al., 1999), but 
controversy exists regarding their mitogenic effects (Li et al., 1990; Maruta et al., 1993; 
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Mashour et al., 2001; Mitsiadis et al., 1995b; Muramatsu and Muramatsu, 1991; Rauvala, 
1989). Their preferential localization in a variety of developing tissues and organs undergoing 
epithelial-mesenchymal interactions (Mitsiadis et al., 1995b; Vanderwinden et al., 1992) 
suggests a role for MK and HB-GAM in the regulation of organogenesis.  
 
Teeth are organs whose development depends on sequential and reciprocal interactions 
between cells of the oral epithelium and cranial neural crest-derived mesenchyme (Cobourne 
and Mitsiadis, 2006; Lumsden, 1988; Mitsiadis, 2001). Functional differentiation of dental 
mesenchymal and epithelial cells gives rise to odontoblasts secreting the organic matrix of 
dentin and ameloblasts producing the enamel matrix. The molecular mechanisms involved in 
tooth formation have started to become well known. Secreted signaling molecules, 
transcription factors and extracellular matrix molecules are expressed in different stages of 
mouse tooth development and their deletion may affect odontogenesis (reviewed by Mitsiadis, 
2001; Tucker and Sharpe, 2004).  
 
Previous studies have shown that MK is expressed in the developing mouse molar teeth and 
affects their morphogenesis in vitro (Mitsiadis et al., 1995a). However, molars differ from the 
continuously growing incisors of rodents, which provide an excellent model of tissue 
organization involving defined regions of cell proliferation (stem cell compartment), 
differentiation and maturation. Another intriguing aspect of these teeth is that lingual dental 
epithelial cells do not differentiate into ameloblasts and thus cannot synthesize enamel matrix. 
In the present study we study the expression, regulation and biological functions of MK and 
HB-GAM in the different developmental stages of the mouse incisor. 
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MATERIALS AND METHODS 
 
Animals and tissue preparation 
Swiss mice were used at embryonic and postnatal stages. Embryonic age was 
determined according to the vaginal plug (day 0) and confirmed by morphological criteria. 
The heads from the embryonic day-10 (E10) to the E18 mouse embryos were dissected in 
Dulbecco's phosphate-buffered saline (PBS), pH 7.4. Mandibles and lower incisors were 
removed under a stereomicroscope in PBS, pH 7.4, and fixed in 4% paraformaldeyde (PFA) 
for 24 hours at 4°C.  
 
Immunohistochemistry and in situ hybridization on tissue sections 
Affinity-purified antibodies against mouse MK and rat recombinant HB-GAM 
proteins were produced in rabbits as previously described (Muramatsu et al., 1993; Rauvala, 
1989). These polyclonal antibodies have been characterized by Western blotting and their 
specificity has been verified by immunohistochemistry (Mitsiadis et al., 1995b). A rat anti-
mouse syndecan-1 antibody (281-2) was also used. Preparation and characterization of this 
monoclonal antibody has been described earlier (Jalkanen et al., 1985). 
Immunoperoxidase (ABC kit, Vector Laboratories, Burlingame, CA) and 
immunofluorescence staining was performed as previously described (Mitsiadis et al., 1992; 
Mitsiadis et al., 1995b). Positive peroxidase staining produces red/brown color on light 
microscopy. Replacement of primary antibodies with non-specific rabbit IgG served as a 
negative control.  
For in situ hybridization, both [35S]UTP- and digoxigenin-labeled sense (pSP64) and 
antisense (pSP65) mouse MK riboprobes were used. In situ hybridization on either paraffin 
sections or cryosections was performed as described earlier (Mitsiadis et al., 1998; Mitsiadis 
et al., 1995b).  
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Dental tissue explants 
 The cervical parts of the incisor tooth germs were carefully dissected in Dulbecco’s PBS 
from the rest of the E15 to E16 incisors. The cervical region contains both proliferating 
epithelial and mesenchymal stem cells. After dissection, tissues were incubated for 3 min in 
2.25% trypsin/ 0.75% pancreatin on ice. Epithelial and mesenchymal tissues were 
mechanically separated under a stereomicroscope. Explants of either isolated dental epithelia 
or mesenchyme were cultured on polycarbonate membranes (pore size 0.1 mm; Costar, USA) 
supported by metal grids (Trowell-type). The explants were cultured for 2 to 20 hours in 
Dulbecco´s Minimum Essential Medium (DMEM) supplemented with 10% fetal calf serum 
(FCS; Gibco) in a humidified atmosphere of 5% CO2 in air at 37°C. After culture, the 
explants were fixed overnight in 4% PFA, and were treated with antibodies as whole mounts. 
Some of the explants were used for cell proliferation analysis. 
 
Recombinant proteins and treatment of beads 
 Recombinant MK (30 µg/ml) and HB-GAM (from 5 to 20 µg/ml) proteins were stored 
at -70°C in 0.05 M Na-phosphate containing 1.0 M NaCl until use. Recombinant EGF (10 
µg/ml) and FGF10 (100 µg/ml) proteins were from Boehringer Mannheim Corp. (Germany). 
Recombinant BMP2 and BMP4 proteins (1.12 mg/ml) were from Genetics Institute 
(Cambridge, Massachusetts, USA). The proteins were stored at -70°C in 0.5 mM arginine-
HCl, 10 mM histidine (pH 5.6) until use.  
 Affi-gel agarose beads (75-150 µm diameter; BioRad Labs.) were used as carriers of 
MK, HB-GAM, EGF, FGF10, BMP2 and BMP4 proteins (Mitsiadis et al., 1995a). Anion 
exchange resin beads (AG 1-x2, 106-205 µm diameter; BioRad Labs.) were used as carriers 
of retinoic acid (RA). Beads were washed once with PBS and pelleted. Recombinant proteins 
were diluted into PBS, pH 7.4, to concentrations 50-200 ng/µl/5µl/50 beads (EGF, 200; MK, 
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HB-GAM and FGF10, 50-150; BMP2 and BMP4, 200) and incubated for 30 min at room 
temperature. Beads used as carriers for RA were washed for 5 min with dimethyl-sulfoxide 
(DMSO; Merck). RA was diluted into DMSO to concentrations 100 ng/µl/500µl/50 beads and 
incubated for 30 min at RT. Beads were washed for 5-15 min in culture media and then 
transferred with a mouth-controlled capillary pipette on top of the explants. Control beads for 
MK were treated identically with 0.1% BSA in PBS, whereas DMSO beads were used as 
controls for RA. 
 
 
Whole-mount BrdU labeling and immunohistochemistry of dental explants  
 Cell proliferation was analyzed by using a cell proliferation kit (Boehringer Mannheim, 
Germany). After culture, the explants were labeled for one hour with bromodeoxyuridine 
(BrdU) according to the manufacturers instructions and as described earlier (Mitsiadis et al., 
1995a). They were fixed in 4% PFA overnight at 4°C, treated to inhibit endogenous 
peroxidase with 3% H2O2/PBS for 30 min at room temperature, washed in PBS, and used 
immediately for staining. Whole mount immunohistochemistry with antibodies against MK, 
HB-GAM and BrdU was performed as earlier described (Mitsiadis et al., 1995a). When the 
color reaction was satisfactory, the explants were washed in tap water and mounted in 
Aquamount (Gurr, England). 
 
Organotypic cultures 
 Incisor tooth germs were carefully dissected from the mandibles of E16 mouse embryos 
in PBS. The incisors were cultured in Trowell-type cultures, and the basic culture medium 
(DMEM and 10% FCS) was supplemented with neutralizing antibodies against the MK 
protein (40 µg/ml). The neutralizing ability of these antibodies has been already demonstrated 
either in cell cultures (neuronal and Wilm's tumour cells) (Muramatsu et al., 1993) or in 
organotypic cultures (molar tooth germs) (Mitsiadis et al., 1995b). In control cultures, normal 
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rabbit serum (NRS) was added to the medium in an amount identical to the anti-MK antibody. 
The incisor germs were cultured for 6 to 7 days with three changes of fresh medium. After 
culture, the incisors were fixed in 4% PFA overnight at 4°C, rinsed with PBS, dehydrated in 
ethanol and embedded in paraffin. Immunohistochemistry was performed in 5 µm serial 
sections by omitting the primary antibody (anti-MK) and thereafter the sections were 
counterstained with hematoxylin. Sections of incisors cultured in presence of neutralizing 
antibodies were slightly counterstained to better reveal the MK staining. 
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RESULTS 
 
MK gene expression in the developing incisor  
 In situ hybridization analysis showed a ubiquitous expression of MK transcripts in both 
dental and non-dental tissues of E10-E13 mouse embryos (data not shown; Mitsiadis et al., 
1995a). From the cap stage (E14-E15), MK gene expression became progressively restricted 
to the incisor tooth germ and at E16.5-E17, MK was strongly expressed in dental papilla 
mesenchyme and cells that differentiate into odontoblasts (Fig. 1A and D) while in the 
epithelium a very strong hybridization signal for MK was detected in the cervical loop area 
where the stem cell niche is located (Fig. 1A). Expression was also observed in other parts of 
the dental epithelium and in osteogenic areas of the mandible (Fig. 1A and D). No specific 
hybridization signal was detected with the MK sense probe (Fig. 1B). At E18, the strong 
hybridization signal persisted in odontoblasts and dental papilla cells, whereas a moderate 
signal was detected in dental epithelium (inner enamel epithelium and preameloblasts) (Fig. 
1C, E and F).  
 
Distribution of MK and HB-GAM proteins in the developing incisors   
 At E11, both MK and HB-GAM immunoreactivities were detected in the anterior part 
of the thickened epithelium of the incisors (Fig. 2A and B). The staining was found on cell 
surfaces and in the basement membrane underlying the stained epithelial cells (arrows in Fig. 
2A and B). A weaker staining for the MK was also detected in the whole basement membrane 
(arrowheads in Fig. 2B) and in the mesenchyme (Fig. 2B). A strong HB-GAM staining was 
observed in neuronal structures (asterisk in Fig. 2A). At E13, the epithelium of the incisor 
forms a bud, around which the mesenchyme condenses. Immunostaining for both proteins 
was mainly detected on the surfaces of condensing mesenchymal cells that are in close 
contact with dental epithelium, whereas the staining in more peripheral mesenchymal cells 
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was absent (Fig. 2C and D). HB-GAM and MK immunoreactivities were also evident in the 
basement membrane (arrowheads in Fig. 2C and D) and some epithelial cells (arrows in Fig. 
2C and D). At E14-E15 (cap stage), MK and HB-GAM staining was detected on the surfaces 
of dental epithelial cells forming the enamel knot, as well as in the basement membrane that 
underlies this part of the epithelium (Fig. 2E and F). The distribution of HB-GAM in 
epithelium was much more restricted when compared to that of MK. Faint MK and HB-GAM 
stainings were also found in dental papilla mesenchymal cells contacting the enamel knot 
(Fig. 2E and 2F). During the bell stage (E16-E18), HB-GAM staining was seen on the 
surfaces of cells of the inner dental epithelium and the dental papilla mesenchyme, as well as 
in the basement membrane separating these cell populations (Fig. 3A-C). Interestingly, 
several epithelial cells of the cervical loop region exhibited a nuclear HB-GAM 
immunoreactivity (Fig. 3C). The asymmetry in the intranuclear HB-GAM staining could be 
explained by the differential gene expression patterns observed in the mesenchyme that 
surrounds the cervical loop epithelium (e.g. genes expressed in the dental papilla mesenchyme 
are not expressed in the dental follicle mesenchyme and vice versa). MK immunoreactivity 
was also found on the surfaces of inner dental epithelial cells, dental papilla fibroblasts, 
preodontoblasts and differentiating odontoblasts, as well as in cells of the sub-odontoblastic 
layer (Figs 3D and 4). A strong staining was detected in the basement membrane separating 
the dental papilla from the dental epithelium (arrows in Fig. 4A-D). MK reactivity was not 
observed in the nuclei of epithelial cells of the cervical loop area (Figs 3D and 4B).  MK 
reactivity was scarcely detectable in preameloblasts of the median part of the incisor (Fig. 4D) 
and was absent from mesenchymal cells of the anterior part of the incisor and functional 
odontoblasts (Fig. 4A and data not shown).  
 
Comparison between MK, HB-GAM and syndecan-1 distribution in the developing 
incisors 
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 It has been suggested that syndecan-1 could be a part of the MK and HB-GAM 
signaling (Mitsiadis et al., 1995b). While at early stages of incisor development (E11-E13) 
MK, HB-GAM and syndecan-1 presented similar distribution patterns (data not shown; 
Mitsiadis et al., 1995a) these proteins showed distinct patterns at more advanced 
developmental stages (E14-E18) (Fig. 5). At E14-E15, syndecan-1 was distributed in 
mesenchymal cells forming the dental follicle, while the protein was absent from dental 
epithelium and dental papilla mesenchyme (Fig. 5A). This pattern of syndecan-1 localization 
contrasts with the patterns of MK (Fig. 5B) and HB-GAM (Fig. 5C) at E14-E15. Similarly, at 
E18, the distribution patterns of syndecan-1, MK and HB-GAM differ (compare Fig. 5D with 
Fig. 5E and Fig. 5F). Syndecan-1 was absent from functional ameloblasts and odontoblasts, 
but was detected in all other cells of the dental papilla mesenchyme and dental epithelium 
(Fig. 5D). Staining for MK (Fig. 5E) and HB-GAM (Fig. 5F) was restricted and found only in 
mesenchymal cells (presumably preodontoblasts) located in the lingual side of the incisor.  
 
Signaling molecules that affect MK and HB-GAM expression in incisor mesenchyme  
Since MK and HB-GAM belong to the same family it is possible that a regulatory 
loop may exist between these molecules to keep their levels of expression stable. To test this 
possibility, we analyzed the effects of MK and HB-GAM by placing beads soaked in either 
MK or HB-GAM (50-150 µg/ml) on mesenchymal explants from the cervical region of E15-
E16 incisors. Neither MK (Fig. 6A) nor HB-GAM beads (Fig. 6B) were able to induce a 
translucent zone in the mesenchyme 20 hours after culturing. In contrast, a translucent zone 
appeared in mesenchyme adjacent to the BMP (Fig. 6C) and FGF-releasing beads (data not 
shown). It has been suggested that the formation of this zone may be an indicator of induction 
of mesenchyme by signaling molecules released from the beads, and that MK molecules may 
act as competence modifiers controlling the response of mesenchyme to inductive signals 
(Mitsiadis et al., 1995a). The appearance of the translucent zone was not related with the 
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diffusion of the MK (Fig. 6D) and HB-GAM (Fig. 6E) proteins from the beads. By whole 
mount immunohistochemistry we found that both MK and HB-GAM diffused from the beads 
in a broad region of the cultured tooth mesenchyme (Fig. 6D, E). To rule out the possibility 
that the broad diffusion observed is a result of de novo protein synthesis we cultured the 
explants for a period of 2 hours. This time period is not sufficient enough to form de novo 
MK protein through the autoregulatory process (Mitsiadis et al., 1995a). Furthermore, 
endogenous MK and HB-GAM proteins in cultured for 2 to 20 hours E16 dental mesenchyme 
explants were not detected  (Fig. 6F and data not shown). Taken together these findings 
strongly indicate that the staining observed 2 hours after culturing is appropriate to protein 
diffusion from the bead. Control beads incubated in BSA and DMSO had no effect on MK or 
HB-GAM synthesis (Fig. 1F and 1G - bead on the left; data not shown). HB-GAM beads 
stimulated MK protein synthesis in a broad region of the mesenchyme (Fig. 6G) and vice 
versa (Fig. 6H), thus indicating the presence of a regulatory loop between MK and HB-GAM. 
RA beads also activated MK (Fig. 6I; Mitsiadis et al., 1995a) and HB-GAM (Fig. 6J) 
synthesis in mesenchymal cells. Thereafter we tested the regulation of MK and HB-GAM by 
signaling molecules that are expressed in the cervical loop area of the developing incisors 
such as FGF10, BMPs and EGF. These molecules are known to play important roles for 
incisor homeostasis and the maintenance of the epithelial stem cell niche (Mitsiadis et al., 
2007). Although these molecules are widely used for bead implantation experiments a 
thorough study on their diffusion from the beads is lacking. Only one previous study has 
shown that FGF2 released from the beads diffuses in a broad area of the skull explants 4 
hours after culturing (Iseki et al., 1999), thus suggesting that other FGF molecules may also 
diffuse in a similar way. Indeed, the local application of FGF10 activated the synthesis of MK 
(Fig. 6K) and HB-GAM (Fig. 6L) in a wide area of dental mesenchyme. In contrast, BMP2 
(Fig. 6M), BMP4 (Fig. 6N) and EGF (Fig. 6O) induced MK and HB-GAM protein synthesis 
in a narrow area around the beads. The activation of MK and HB-GAM synthesis was 
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examined in 38 cultured dental mesenchyme explants and the results obtained were constant 
according to the molecule used. 
 
 
Proliferative effects of MK and HB-GAM on cells of the cervical loop area  
The effects of MK and HB-GAM on cell proliferation were analyzed by placing beads 
soaked in either MK or HB-GAM (50-150 µg/ml) on either mesenchymal or epithelial 
explants from the cervical region of E15-E16 incisors. The explants were labeled with 
bromodeoxyuridine (BrdU). In mesenchymal explants, a few proliferating cells were 
observed around the MK and HB-GAM releasing beads (Fig. 7A and B). However, when MK 
and HB-GAM beads were applied to dental epithelial explants, increased cell proliferation 
was observed in a large zone around the beads (Fig. 7C, D and E). BSA control beads did not 
induce cell proliferation in epithelium (Fig. 7C and F).  Cell proliferation was studied in 18 
epithelial and 16 mesenchymal dental explants and the results obtained were constant 
according to the type of the tissue. 
 
Neutralizing antibodies to MK inhibit both cell differentiation and mineralization in the 
developing incisor 
At the onset of culture, the mandibular incisors of E16 mouse embryos were at the 
early cytodifferentiation stage. Mineralization was visible in incisors cultured for 6 to 7 days 
in presence of the basic culture medium supplemented with normal rabbit serum (control 
medium conditions) (Fig. 8A, arrow). However, the addition of MK neutralizing antibodies 
(40 µg/ml) inhibited mineral deposition (Fig. 8B, arrow). The epithelium of these incisors was 
thinner and the whole incisor germs were smaller than normal (compare Fig. 8A with Fig. 
8B). After culturing, immunohistochemistry was performed on the sectioned incisor germs by 
omitting the primary MK antibody. MK immunostaining was absent from incisors cultured in 
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control medium conditions (Fig. 8C). In contrast, a staining was observed on the surfaces of 
both mesenchymal and epithelial cells (Fig. 8D), indicating that the MK antibodies have 
penetrated the incisor explants. Polarized odontoblasts, ameloblasts, and dentin deposition 
were visible in the sections of incisors cultured in control medium conditions (Fig. 8C), while 
in incisors cultured in presence of neutralizing MK antibodies the differentiation of 
odontoblasts was arrested and dentin was absent (Fig. 8D). Blocking experiments were 
performed using 12 incisors (6 E15 and 6 E16 incisors). For control purposes 6 incisors (3 
E15 and 3 E16) were used. All experiments performed in presence of neutralizing antibodies 
gave identical results. 
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DISCUSSION 
 
Tooth initiation, development and homeostasis are controlled by transcription factors and 
secreted growth factors that provide the molecular signaling basis for an 
epithelial/mesenchymal crosstalk. The rodent incisor differs from other teeth in that it is a 
continuously growing organ. A highly proliferative compartment, which is called cervical 
loop, is located in the apical part of the incisor and consists of undifferentiated cells. Several 
findings have suggested that in the cervical loop resides a population of stem cells, which 
forms a niche (Harada et al., 1999; Harada et al., 2002; Mitsiadis et al., 2007). Stem cells 
from the cervical loop generate transit amplifying progenitor cells that differentiate into all 
cell types of the incisor including the ameloblasts (Mitsiadis et al., 2007). Similarly, cells of 
the underlying dental papilla mesenchyme are actively dividing before they terminally 
differentiate into odontoblasts. MK and HB-GAM proteins are synthesized in both epithelial 
and mesenchymal proliferating cells, suggesting that they act as proliferating factors in dental 
epithelium and mesenchyme of the cervical loop area. Previous studies have shown that these 
cytokines stimulate proliferation in various tissues and cell lines (Chen et al., 2004; Ishimoto 
et al., 2006; Li et al., 1990; Maruta et al., 1993; Muramatsu and Muramatsu, 1991). In order to 
have a better understanding on the role of HB-GAM and MK on cell proliferation in the 
cervical loop we performed a BrdU assay in epithelial and mesenchymal explants of this 
compartment of the incisors. While MK and HB-GAM had a clear mitogenic effect in 
epithelial explants, cell proliferation was not obvious in dental mesenchyme. It is likely that 
the diverse roles of HB-GAM and MK during odontogenesis are dependent on the 
simultaneous presence of growth factors. An emerging concept is that HB-GAM and MK are 
accessory proteins or co-factors that modulate the effects of primary signaling molecules, 
either enhancing or reducing their activities (Ruoslahti and Yamaguchi, 1991). For example, it 
has been shown that HB-GAM influences BMP-induced ectopic osteogenesis (Sato et al., 
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2002; Tare et al., 2002a). However, the opposite could be true as well: our previous findings 
have demonstrated that FGF signaling molecules are able to enhance the mitogenic capability 
of MK in dental mesenchyme (Mitsiadis et al., 1995a). FGF10 is expressed in mesenchymal 
cells surrounding the cervical loop epithelium (Harada et al., 1999; Harada et al., 2002). By 
contrast, the FGF receptors Fgfr1β and Fgfr2β are expressed in the epithelium of the cervical 
loop (Harada et al., 1999; Harada et al., 2002), suggesting that FGF10 is able to regulate 
proliferation of epithelial stem cells. The distribution of the MK and HB-GAM proteins in the 
mesenchyme of the cervical loop area is similar to that of FGF10, while in cervical loop 
epithelium MK and HB-GAM are also detected in proliferating cells and ameloblast 
progenitors. Previous studies have demonstrated that both HB-GAM and MK are produced 
and secreted by various embryonic stem cells (Furuta et al., 2004; Nurcombe et al., 1992). 
Taken together these findings suggest that MK and HB-GAM may act synergistically with 
FGF molecules to keep the stem cells of the cervical loop area in an undifferentiated state 
until instructed to adopt a specific fate.  
 
A strong immunostaining for MK and HB-GAM is detected in the enamel knot (EK), which is 
a dental epithelial structure that is believed to serve as a temporary signaling center 
controlling tooth crown morphogenesis. Signaling molecules expressed in the EK such as 
FGFs, BMPs, Shh and Wnts stimulate proliferation of epithelial cells surrounding the EK and 
the underlying mesenchymal cells (Jernvall et al., 1998; Vaahtokari et al., 1996). Cells of the 
EK do not undergo proliferation at this stage (Jernvall et al., 1998), and a percentage of these 
cells become apoptotic. Apoptosis has an important morphogenetic role that results in the 
specific molar shape (Lesot et al., 1996). However, several studies on the EK of incisors have 
revealed that EK cells from incisors behave differently that EK cells from molars. For 
example, little apoptotic activity, no obvious histological alterations, and modifications in the 
composition of extracellular matrix have been observed in the EK of incisors (Coin et al., 
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2000; Kieffer et al., 1999; Kieffer-Combeau et al., 2001). It is likely that the presence of HB-
GAM and MK in cells of the EK of the incisors is necessary to prevent apoptosis in these 
cells until their regulatory functions are completed. This hypothesis is also supported by 
previous studies showing that MK and HB-GAM have anti-apoptotic effects in various cell 
types (Owada et al., 1999; Qi et al., 2000; Tong et al., 2007; Zhang et al., 1999). For example, 
it has been shown that MK inhibits apoptosis in cultured neuronal cells by blocking the 
activation of caspase-3 (Owada et al., 1999). Furthermore, MK inhibits cisplatin-induced 
apoptosis in a Wilms’ tumor cell line by preventing Bcl-2 reduction (Qi et al., 2000). 
Similarly, the abnormal spermatogenesis that is seen in HB-GAM dominant negative mice is 
due to increased apoptosis in the spermatocytes (Zhang et al., 1999).  
 
At the onset of odontoblast and ameloblast differentiation, HB-GAM and MK may act as 
differentiation factors, as is the case for bone and cartilage formation (Dreyfus et al., 1998; 
Imai et al., 1998; Ohta et al., 1999). It has been shown that HB-GAM and MK are synthesized 
during the differentiation of osteoblasts (Mitsiadis et al., 1995b) and, furthermore, that HB-
GAM promotes the differentiation of bone marrow-derived cells into osteoblasts (Tare et al., 
2002a; Yang et al., 2003). In post-natal life, HB-GAM is primarily found in osteoblasts, and 
thus is believed to play a role in bone formation and homeostasis (Imai et al., 1998). HB-
GAM also enhances migratory responses in osteoblasts and osteoprogenitors from human 
bone marrow (Imai et al., 1998). Mice over-expressing the human HB-GAM gene show an 
increase of both intramembranous bone formation and mineral deposition (Imai et al., 1998; 
Tare et al., 2002b). In a similar manner MK is involved in bone repair after fracture (Ohta et 
al., 1999), mobilization of the intracellular calcium and mineral deposition events (Takada et 
al., 1997). Taken together, these findings suggest that MK and HB-GAM play important roles 
during bone remodeling. MK and HB-GAM stimulate the expression of type I collagen (Tare 
et al., 2002b; Yamada et al., 1997), which is important for dentin formation. Indeed, incisors 
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cultured in presence of neutralizing MK antibodies were not able to form dentin or to 
mineralize. This is probably due to the inability of pulp cells to differentiate into odontoblasts 
and to participate in mineral formation and deposition, pointing to the importance of MK and 
HB-GAM in both differentiation and mineralization processes during the development of the 
rodent incisors. 
 
The functional redundancy of HB-GAM and MK in development has been long suspected due 
to their common ancestral origin and high sequence homology (Li et al., 1990). HB-GAM and 
MK knockout mice do not exhibit any obvious organ abnormalities, suggesting that MK could 
compensate for the absence of HB-GAM and vice versa (Amet et al., 2001; Nakamura et al., 
1998). It has been shown that HB-GAM synthesis was significantly increased in many, but 
not all, tissues/organs in the MK knockout mice (Herradon et al., 2005). Thus, the organ 
specific increase in HB-GAM synthesis is compensatory for the absence of MK in the MK -/- 
mice. By contrast, MK synthesis was not affected in the HB-GAM knockout mice, suggesting 
that expression of HB-GAM follows that of MK expression in development (Herradon et al., 
2005). The present study shows that MK induces HB-GAM synthesis in dental explants in 
vitro, but HB-GAM is also able to induce synthesis of MK, thus indicating the presence of a 
regulatory loop between MK and HB-GAM in the developing incisors. Physiological levels of 
MK and HB-GAM will provide the right balance between enhancing and inhibitory effects in 
dental tissues. 
 
Although the very first studies have shown that the retinoic acid is the key regulator of MK 
expression during mouse embryogenesis (Kadomatsu et al., 1990; Maruta et al., 1993; 
Matsubara et al., 1994) and molar development (Mitsiadis et al., 1995b), only few attempts 
have been made to examine the regulation of HB-GAM and MK by other molecules. MK 
expression is modulated by thyroid transcription factor-1 (Reynolds et al., 2003), thyroid 
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hormone (Katoh et al., 1992) and glucocorticoids (Kaplan et al., 2003; Katoh et al., 1992). A 
study in zebrafish has shown that expression of midkine-2 (mdk2, the mouse MK homologue) 
is positively regulated by retinoic acid, is under negative control of BMP signaling, and is 
independent of FGF signaling (Winkler and Moon, 2001). The present results show that 
retinoic acid regulates production of both MK and HB-GAM proteins in incisors, thus 
reinforcing the concept of functional redundancy between these molecules. We also explored 
the relationship between MK or HB-GAM with signaling molecules that play an important 
role in cell maintenance, proliferation and differentiation in the rodent incisor. FGF10 is 
involved in the maintenance of epithelial stem cells in the cervical loop (Harada et al., 2002; 
Mitsiadis et al., 2007), BMP2 and BMP4 are involved in the process of odontoblast 
differentiation (Li et al., 1998; Lianjia et al., 1993) and EGF is known to accelerate incisors 
eruption in rodents (Rhodes et al., 1987). The local application of FGF10, EGF, BMP2 or 
BMP4 stimulated the synthesis of MK and HB-GAM in dental tissues, suggesting that these 
cytokines are, at least in part, mediators of the effects of FGF, EGF and BMP molecules 
during incisor development. 
 
The manner by which HB-GAM and MK exert their activities in the target cells is not yet well 
understood. These cytokines bind strongly at the cell surface to proteins such as receptor 
protein tyrosine phosphatase beta/zeta (RPTP-β/ζ), N-syndecan (syndecan-3) and anaplastic 
lymphoma kinase (ALK), which are considered as likely candidate receptors for HB-GAM 
and MK (Grzelinski et al., 2005; Qi et al., 2001; Raulo et al., 1994). MK and HB-GAM can 
function as differentiation and/or proliferation factors for dental tissues. Certain growth 
factors such as IGFs are capable of this dual function, using two different signal transduction 
pathways on their IGF receptor (Coolican et al., 1997). Similarly, MK is capable of inducing 
PI3K and MAPK pathways through the ALK receptor (Stoica et al., 2002). Several studies 
have shown that the LDL receptor-related protein (LRP) (Muramatsu et al., 2000), as well as 
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syndecans (Deepa et al., 2004; Mitsiadis et al., 1995a; Nakanishi et al., 1997; Raulo et al., 
1994) may be a part of the signaling of these cytokines during embryonic development. HB-
GAM exclusively binds syndecan-3 (Raulo et al., 1994), and MK binds syndecan-4 (Kojima 
et al., 1996). In contrast, both MK and HB-GAM bind to the HS and CS chains of syndecan-1. 
The simultaneous binding of MK and HB-GAM to both types of chains produces a ternary 
complex that transfers the cytokines to the corresponding cell surface receptors. Despite 
previous studies showing similar expression patterns of syndecan-1, MK and HB-GAM at 
earlier stages (Mitsiadis et al., 1995b), at late stages of development the expression patterns of 
these proteins differ. This is shown by the comparative analysis of MK, HB-GAM and 
syndecan-1 expression in the developing incisor, thus suggesting that syndecan-1 is not part of 
the signaling in all developmental stages. 
 
In conclusion, the results presented in this study show that MK and HB-GAM are important 
molecules for incisor development and homeostasis. These factors can have a dual function 
on cell proliferation and differentiation depending on the concomitant presence of other 
signaling molecules and the availability of appropriate receptors (Figure 9). The functional 
redundancy of MK and HB-GAM suggested by common sites of expression and gene deletion 
studies implies that their signaling, according to the circumstances in which they are 
operative, integrates multiple complex networks of other signaling pathways. However, the 
information of how these molecules signal and integrate different signaling pathways is not 
yet sufficient and quite often controversial. For example, the demonstration that MK, but not 
HB-GAM, induces cell proliferation through a JAK/STAT-dependent signal transduction 
pathway by binding a 200 kDa high affinity receptor protein (Ratovitski et al., 1998) suggests 
that MK and HB-GAM may exert cellular effects through independent signal transduction 
pathways. This hypothesis has been reinforced by recent findings showing that HB-GAM is 
not able to activate ALK in neuroblastoma and glioblastoma cells, which express the ALK 
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receptor (Mathivet et al., 2007). The further knowledge of signal transduction pathways 
downstream of MK and HB-GAM, and their coexistence and interference with different 
factors and receptors will help to elucidate the independent functions of these molecules 
during embryonic tooth development. 
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FIGURE LEGENDS 
 
Figure 1. Expression of MK in the developing incisor of mouse embryos. Longitudinal (A, B) 
and frontal (C-F) sections. Radioactive (A-C) and digoxigenin (D-F) in situ hybridization 
showing strong MK mRNA expression mainly in the dental mesenchyme. (A) Expression of 
MK in dental papilla (dp) fibroblasts, differentiating odontoblasts (arrows), dental epithelial 
cells (de) and osteoblasts of an E16.5 mouse incisor. Lines (marked D and E) represent the 
levels of frontal sections in figures 1D and 1E. (B) No hybridization signal in a section that 
was labeled with the MK sense probe. (C) Expression of MK in dental papilla, odontoblasts 
(arrows) and osteoblasts of an E18 mouse incisor. (D, E) MK transcripts are localized in 
dental papilla fibroblasts, odontoblasts (o), preameloblasts (pa) and alveolar bone cells (b) 
that surround the E16.5 (D) and E18 (E) incisors. (F) Higher magnification of the figure 1E 
showing expression of MK in odontoblasts and preameloblasts. Additional abbreviations: d, 
dentin; Li, lingual side; La, labial side; md, mandibular process; mx, maxillary process; ode, 
outer dental epithelium; oe, oral epithelium; pd, predentine; si, stratum intermedium; sr, 
stellate reticulum; t, tongue.  
 
Figure 2. Comparison of MK and HB-GAM protein distribution in developing incisors of 
mouse embryos. Immunohistochemistry using specific antibodies against HB-GAM (A, C, E) 
and MK (B, D, F). Longitudinal sections through the incisors. (A, B) Localization of HB-
GAM and MK proteins in dental epithelial cells (de, arrows) during the initiation of the 
incisor development (E11). HB-GAM staining is also detected in growing neurons (A, 
asterisk), while MK staining is clearly seen in the basement membrane (B, arrowhead). (C, D) 
Distribution of HB-GAM and MK proteins during the bud stage of incisor development (E13) 
is detected in the dental epithelium (arrows), condensed mesenchyme (cm) and basement 
membrane (arrowheads). (E, F) At E14.5, HB-GAM and MK staining is restricted to cells of 
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the enamel knot (ek), some cells of the inner dental epithelium (ide) and dental papilla (dp), 
and the basement membrane (arrowheads) separating the inner dental epithelium from the 
dental papilla. Additional abbreviations: An, anterior part; df, dental follicle; eo, enamel 
organ; if, incisor’s furrow; m, mesenchyme; md, mandible; mx, maxilla; ode, outer dental 
epithelium; oe, oral epithelium; Po, posterior part.  
    
Figure 3. Immunolocalization of HB-GAM and MK proteins in the cervical loop area of an 
E16 mouse incisor. Longitudinal (A, B) and frontal (C, D) sections through a mandibular 
incisor. (A, B) Localization of HB-GAM protein in cells of the dental epithelium (de) and 
dental papilla (dp), as well as in the basement membrane that separates these two tissues. HB-
GAM staining is also observed in nerve fibers (nf) (A, arrowhead). The line in figure 3B 
(marked C) represents the level of the frontal sections in figures 3C and 3D. (C) Higher 
magnification of the cervical loop area (cl) showing distribution of HB-GAM in the surface of 
dental epithelial cells and basement membrane (arrowheads). Some cells in the core part of 
the dental epithelium exhibit a nuclear staining. (D) Distribution of MK protein in the surface 
of dental epithelial and dental papilla cells of the cervical loop area. Note the strong 
immunostaining in basement membrane (arrowheads) and the absence of a nuclear staining in 
epithelial cells. Additional abbreviations: ae, aboral epithelium; df, dental follicle; if, incisor’s 
furrow; Li, lingual side; La, labial side; oe, oral epithelium.  
 
Figure 4. Immunofluorescent staining showing the distribution of MK protein in an E18 
mandibular mouse incisor. Longitudinal sections. (A) Localization of MK protein in dental 
epithelium (de), dental papilla (dp) and the basement membrane separating these two tissues 
(arrows). (B) Higher magnification of the cervical loop area (cl) showing distribution of MK 
in the surface of cells and in basement membrane. (C) Higher magnification of the posterior 
region showing distribution of MK in the surface of cells of the inner dental epithelium (ide), 
 
34 
differentiating odontoblasts (o), dental papilla fibroblasts and in the basement membrane 
(arrows). (D) Higher magnification of the posterior part of the median region showing 
distribution of MK in the surface of cells of the sub-odontoblastic layer (soc) and in basement 
membrane (arrows). Additional abbreviations: Ant, anterior part; df, dental follicle; Li, 
lingual side; La, labial side; p, dental papilla; pa, preameloblasts; Post, posterior part; si, 
stratum intermedium; sr, stellate reticulum.  
 
Figure 5. Comparison between Syndecan-1 (Syn1), MK and HB-GAM distribution in 
developing incisors of mouse embryos. Immunohistochemistry using specific antibodies 
against Syn1 (A and D), MK (B and E) and HB-GAM (C and F). Longitudinal (A-C) sections 
and frontal (D-F) sections of E14.5 (A-C) and E18 (D-F) mandibular incisors. (A) Restricted 
Syn1 expression in the dental follicle mesenchyme (fm) and osteoblasts. The dental 
epithelium (de) and dental papilla (p) are Syn1-negative. (B, C) MK (B) and HB-GAM (C) 
distribution in cells of the enamel knot (ek) and inner dental epithelium (ide), as well as in the 
basement membrane separating the inner dental epithelium from the dental papilla. The 
mesenchyme of the dental follicle is not stained. (D) Syn1 reactivity in mesenchymal cells of 
the dental papilla and follicle, cells of the dental epithelium and osteoblasts. Odontoblasts (o) 
and ameloblasts (a) are not stained. (E, F) Restricted MK (E) and HB-GAM (F) staining in 
osteoblasts and preodontoblasts (po) at the lingual side (Li) of the incisor. Additional 
abbreviations: b, done; d, dentin; if, incisor’s furrow; La, labial side; ode, outer dental 
epithelium.  
 
Figure 6. Regulation of HB-GAM and MK expression in E16 incisor mesenchyme. 
Mesenchymal explants (m) were cultured together with beads (b) soaked in different 
concentrations of various signaling molecules. Whole-mount immunohistochemistry using 
specific antibodies against MK (D, F, G, I, K, M, O) and HB-GAM (E, H, J, L, N). Beads 
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releasing MK (A) and HB-GAM (B) have not induced a translucent area in mesenchyme. In 
contrast, BMP2 beads (C) have induced a translucent zone. Diffusion of the MK (D) and HB-
GAM (E) proteins from the beads is seen 2 hours after their implantation in dental 
mesenchyme. MK staining is absent in mesenchyme cultured together with a BSA bead (F, G 
- bead in the left side). MK protein is detected in mesenchyme after implantation of beads 
releasing HB-GAM (G), RA (I), FGF10 (K), BMP2 (M) and EGF  (O) and culture for 20 
hours. Similarly, HB-GAM protein is detected after implantation of beads loaded with MK 
(H), RA (J), FGF10 (L) and BMP4 (N).  
 
Figure 7. Effects of MK and HB-GAM proteins on cell proliferation in E16 dental tissues. 
BrdU staining (red color; cells in phase S) in mesenchymal (A, B) and epithelial (C-F) 
explants. (A, B) Moderate cell proliferation is seen around the beads loaded either with MK 
(A) or HB-GAM (B). (C-E) Increased cell proliferation in dental epithelial cells surrounding 
the MK (C, D) and HB-GAM (E) releasing beads. (F) Cells surrounding a BSA bead (control) 
are not proliferating. Abbreviations: ep, epithelium; m, mesenchyme.  
 
Figure 8. Inhibitory effects of the neutralizing antibodies against the MK protein on 
cytodifferentiation and mineralization of incisors. Incisor germs from E16 mouse embryos 
were cultured for 6-7 days. (A) In the control medium, morphogenesis, cytodifferentiation 
and mineralization (arrow) of the mandibular incisor is evident. (B) In the medium 
supplemented with 40 µg/ml of anti-MK antibody the incisor is shorter that in control and 
cytodifferentiation and mineralization (arrow) have been inhibited. (C) Section of an incisor 
cultured in the control medium (i.e. without the addition of anti-MK antibody) showing the 
absence of MK. The presence of odontoblasts (o), ameloblasts (a), and dentin (d, arrow) is 
evident. (D) Section of an incisor grown in the presence of an anti-MK antibody. MK staining 
is localized on the surfaces of epithelial and mesenchymal cells indicating penetration of the 
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neutralized antibody into the explants. Note the absence of odontoblasts, ameloblasts and 
mineral deposition (arrow). Additional abbreviations: An, anterior part; de, dental epithelium; 
La, labial side; Li, lingual side; p, dental papilla mesenchyme; Po, posterior part.  
 
Figure 9. A model illustrating the roles and molecular interactions of proteins of the MK 
family in the mouse incisor. Green and red colored tooth areas are artificially produced to 
demonstrate the two different sites where MK interacts with FGFs (green) and BMPs (red). In 
the cervical loop area (posterior part of the incisor), FGF molecules activate MK expression in 
the dental papilla mesenchyme (dm; green arrowheads). MK and FGF molecules are 
responsible for the proliferation of dental epithelial cells (de) located at the stem cell niche 
(cervical loop; green arrows). In the median part of the incisor, BMP molecules activate MK 
expression in cells of the dental papilla that will differentiate into preodontoblasts (red 
arrowheads). Expression of MK in preodontoblasts is a necessary step for their differentiation 
into odontoblasts and dentin matrix secretion. Once dentin deposition starts dental epithelial 
cells (de) differentiate into ameloblast and secrete enamel matrix.  
 
 
 
 
 
 
 
 
 
 
